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Final Report
Recently, graphene has emerged as an ideal material for different energy applications because of its high surface area and excellent electronic and thermal conductivity. The specific surface area of a single graphene sheet is 2630 m 2 g -1 , which is quite higher than that of activated carbons and carbon nanotubes.
To obtain a high yield of graphene sheets for various applications, graphene sheets are synthesized by chemical reduction of graphite oxide. These as-synthesized graphene sheets usually show low conductivity due to the presence of oxygen functional groups and large agglomeration by van der Waals attraction. Li ions experience difficulty in intercalating between restacked graphene sheets and end up accumulating at the top and bottom surfaces of the agglomerates. This limits the Li storage capacity of graphene sheets despite a high theoretical surface area and thus lower specific capacity values are observed. In this regard, the incorporation of multiwalled carbon nanotubes (MWNTs) along with the graphene sheets prevents the restacking of graphene sheets, while also enhances the conductivity of the nanocomposite. The electrical conductivity of MWNTs (~10000 S m -1 ) is two orders higher than that of reduced graphene sheets (100-200 S m -1 ). Chemical modification of graphene and MWNT surfaces is necessary for strengthening the interaction between them artificially, which in turn may enhance the electron and Li ion transport in this hybrid nanostructure. This aspect is investigated in the present work wherein we report a simple approach to synthesize graphene-MWNT nanocomposite.
The MWNTs were synthesized by chemical vapor deposition technique (CVD) over rare earth metals based MmNi3 (Mm = Mischmetal; a mixture of rare earth elements) alloy hydride catalyst using acetylene gas as the carbon precursor as reported earlier 1 . The as-synthesized MWNTs were subjected to air oxidation to remove carbonaceous impurities followed by acid treatment to remove the MmNi3 catalyst particles. For further functionalization, the purified MWNTs were refluxed with concentrated H2SO4 and HNO3 in the ratio (3:1) for 24 h at 80°C, followed by washing, filtering and drying at 70°C. The sample was labeled as f-
MWNTs.
Graphite oxide (GO) was prepared from natural graphite using Hummers' method from graphite powder 2 . In a typical synthesis, graphite powder (2 g) was added to concentrated H2SO4 (46 mL) while being continuously stirred in an ice bath. Next, NaNO3 (1 g) and KMnO4 (6 g) were added gradually and successively. The suspension was removed from the ice bath and was allowed to come to room temperature. Next, water (92 mL) was added to the above mixture. After 15 min, warm water (280 mL) was added to dilute the mixture. Following this, H2O2 (3%) was added until the solution turned bright yellow. The suspension was filtered and repeatedly washed with warm water. The residue was diluted using water and the resulting suspension was centrifuged. The final product was dried under vacuum at 60°C and stored in vacuum desiccators until further use. Graphene was prepared by the solar exfoliation of graphite oxide as reported by us earlier 3 . For this, GO powder (about 300 mg) was spread in a glass petridish and a convex lens was used to focus the solar radiation on it. The rapid exfoliation of GO occurs within few seconds under the focused solar radiation. As the focused spot of sunlight interacts with the GO powder, rapid volume expansion accompanied by a change in color (from brownish to black) was observed indicating the swift reduction of GO to graphene. The sample was labeled as SEG for solar-exfoliated graphene. The power of the focused radiation ranged from 1.77-2.03 W and temperature range was 250-300°C.
The as-synthesized SEG was functionalized with the polyelectrolyte PDDA by the following method. SEG (about 200 mg) was initially dispersed in DI water (800 mL) by ultrasonication in the presence of PDDA (0.5 wt %), which served as the functionalizing polyelectrolyte and yielded a stable dispersion of graphene sheets. During the functionalization process, NaCl was added. The presence of NaCl drastically affects the polymeric chains' configuration in polyelectrolyte solutions and promotes the functionalization. The solution was then filtered and washed several times to remove the unreacted PDDA in the solution followed by drying in vacuum oven at 70 °C for 24 h. The PDDA functionalized graphene was labeled as 'pG'. To prepare the hybrid nanostructure of MWNT and graphene, f-MWNT and pG were simply ultrasonicated in DI water in the ratio (1:1) for one 1 h followed by stirring for 12 h. The sample was then filtered and dried at 50 °C in vacuum oven. The final sample was labeled as 'pG-f-MWNT'. groups in between the graphite sheets. After exfoliation of GO with focused solar radiation at ~ 300 °C, the 10.54° peak disappears and a broad peak ranging from 15° to 30° is observed ( Fig. 2(c) ). This peak, as in the case of graphite, arises due to the carbon (002) plane of the hexagonal structure. The broadening, however, indicates the presence of disorder along the c-axis. The interlayer spacing decreases to 0.374 nm, which suggests the removal of oxygen functional groups and water from the layers during solar exfoliation. Both graphene and MWNTs exhibit the hexagonal structure of graphite, and hence, the presence of (002) plane is observed in their hybrid nanocomposite. The sharp peak is attributed to the presence of MWNTs, while the broadened feature from 17°-25° is due to the loose stacking of hexagonal sheets in graphene. An increase in the d-spacing of pG-f-MWNT hybrid structure is observed. This suggests that the packing of graphene sheets along the (002) Table I shows the BET surface area, average pore size and pore volume calculated for MWNT, SEG and pG-f-MWNT. incorporation of various functional groups upon oxidation as seen in Fig. 7(b) . In the hydrogen reduction technique this shifted peak disappears and a broad peak from 15 º to 38 º appears. The broadening in this (002) plane of the hexagonal structure explains the presence of disorder along the c-axis due to the random orientation after exfoliation with a decrement in interlayer spacing. This reduction in spacing suggests the elimination of oxygen containing functional groups in HEG (Fig. 7c) . The MWNTs of Fig. 7d show the relatively sharp hexagonal graphitic peak at (002) assuring the long range order present in the system. SnO2(pG-f-MWNT) P-MWNT (Fig. 9c) . The band around 2950 cm -1 is attributed to stretching of C-H bond and the peak at 1630cm 1 is due to the C=C stretching mode of multiwalled carbon nanotubes. The peaks at 1388 cm -1 and 1070 cm -1 are due to C-OH and C-O stretching vibrations respectively. C=O vibration is represented in 1725 cm -1 peak. O-Sn-O anti-symmetric stretching was found around 660 cm -1 for Fig. 9f . This mode confirms the incorporation of SnO2 nanoparticles on the support material 6, 7 . TEM image of pG-f-MWNT in Fig. 11a shows the inner hollowness of MWNTs and uniform dispersion of these MWNTs with polymer functionalised graphene sheets. Fig. 11b depicts the uniform dispersion of SnO2 nanoparticles on graphene-carbon nanotubes hybrid structure. The particle size of the SnO2
nanoparticle is approximately less than 5 nm. have shown that graphene powder and graphene paper can give reversible capacities of 84 and 288 mAh g -1 respectively at 50 mA g -1 . 25 The reported reversible capacities of MWNT vary from 200-300 mAh g -1 in the current density range 10-50 mA g -1 . 3, 26 It is expected that the reversible capacity should be higher at a respectively, yielded a 59 % and 56 % retention of the initial capacity. At the same time, for graphene it was 43.7% and 37.4%, respectively. The reversible discharge capacity of (graphene-MWNT) after 30 th and 100 th cycles is 2.16 and 2.5 times higher than that of pure graphene and previously reported reversible discharge capacities of graphene-MWNT composite. 
